Introduction
The koji fungi are used in the Japanese traditional fermented food industry; the kuro (black)-koji fungus Aspergillus luchuensis is used for brewing awamori and shochu (Hong et al., 2014; Yamada et al., 2011) . The main role of koji fungi is the hydrolysis of starch from ingredients into sugars (saccharification) during the food making process. Therefore, breeding has been performed with a focus on saccharification ability, and mutagenesis breeding has evaluated the use of ion beams as one source of irradiation.
The mutagenic effects of ion beams on Aspergillus oryzae RIB40 have been compared in detail with those of g-rays (Toyoshima et al., 2012) . A. oryzae is a yellow koji fungus used for making sake, miso, and soy sauce. Because mutants of the ATP sulfurylase encoding sC gene can be selected as selenate resistant strains (Arst, 1968; Buxton et al., 1989) , sC mutants of strain RIB40 were screened after mutagenesis and the mutagenic effects of
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Aspergillus luchuensis is a kuro (black) koji fungus that has been used as a starch degrader for the awamori-and shochu-making industries in Japan.
In this study, we investigated the effect of ion beam irradiation on A. luchuensis RIB2601 and obtained a high starch-degrading mutant strain U1. Strain U1 showed reduced growth rate, whereas it showed higher a a a a a-amylase, glucoamylase, and a a a a a-glucosidase activities on a mycelial mass basis than the wild type (wt) strain both on agar plates and in rice koji. In addition, strain U1 showed higher Nacetylglucosamine content in the cell wall and higher sensitivity to calcofluor white, suggesting a deficiency in cell wall composition. Interestingly, produced protein showed higher expression of acidlabile a a a a a-amylase (AmyA) and glucoamylase (GlaA) in strain U1, although real-time RT-PCR indicated no significant change in the transcription of the amyA or glaA gene. These results suggested that the high amylolytic activity of strain U1 is attributable to a high AmyA and GlaA production level, but the elevated production is not due to transcriptional regulation of the corresponding genes. Furthermore, RNA-seq analysis indicated that strain U1 shows transcriptional changes in at least 604 genes related to oxidation-reduction, transport, and glucosamine-containing compound metabolic proc-ion beams and g-rays were compared (Toyoshima et al., 2012) . Analysis of the mutations in the sC gene indicated that an ion beam is one of the mutagens with the advantage of causing a wide mutagenic spectrum, including transversions, transitions, chromosome rearrangements, and large deletions. It was also reported that ion beam mutagenesis was more effective to obtain high amylolytic activity mutant strains from A. luchuensis IFO 4033 (RIB2601) than g-ray mutagenesis (Amsal et al., 1999) . The mutant strains showed increased degradation of starch from cassava, sago, and sukun compared with the parental strain. However, the mutants were not characterized in detail, such as, for example, the level of expression of genes involved in starch degradation.
During the course of study on the application of ion beams to breeding kuro-koji fungus, we also obtained a mutant strain of A. luchuensis RIB2601 with high amylolytic activity, designated strain U1, and sought to understand how the ion beam had affected the strain. In this study, we report that strain U1 shows a reduced growth rate with deficient cell walls, whereas it shows increased a-amylase, glucoamylase, and a-glucosidase activities. In addition, the high amylolytic activity was attributable to the high production of amylolytic enzymes in strain U1 in spite of transcriptional levels of genes involved in saccharification that were similar to the wild type.
Materials and Methods
Strain and cultivation conditions. A. luchuensis strain RIB2601 and mutant strain U1 derived from the wild type (wt) were used. Strain RIB2601 was obtained from the National Research Institute of Brewing (RIB) in Japan.
For ion beam irradiation, strain RIB2601 was grown on TYMG agar medium (1 g tryptone, 5 g yeast extract, 10 g malt extract, 1 g NaNO 3 , 1 g K 2 HPO 4 , 0.5 g MgSO 4 , 10 g glucose, 15 g agar, all per liter, pH 7.0). To investigate the effect of ion beam irradiation, M medium (6 g NaNO 3 , 0.52 g MgSO 4 ·7H 2 O, 1.52 g KH 2 PO 4 , 1.52 g KCl, 10 g glucose, 2.0 ml Hutner's trace elements, 15 g agar, all per liter, pH 5.5), M medium with selenate (M medium + 18.9 mg Na 2 SeO 4 and 30 mg D-methionine per liter), and M medium with chromate (M medium + 37.3 mg Na 2 CrO 4 and 1.5 g L-methionine per liter) were used.
For screening and characterizing the mutant of A. luchuensis with high amylolytic activity, RIB2601 wt and strain U1 were grown on TYS agar medium (1 g tryptone, 5 g yeast extract, 1 g NaNO 3 , 0.5 g K 2 HPO 4 , 0.5 g MgSO 4 , 20 g wheat starch, 20 g agar, 1 ml Triton X-100, all per liter, pH 7.0) or TYSS agar medium (TYS agar with 20 g soluble starch per liter instead of wheat starch). To test growth inhibition, a medium with Congo red (Nacalai Tesque, Kyoto, Japan) or fluorescent brightener 28 (calcofluor white, CFW; Sigma-Aldrich, St. Louis, MO) was used.
The A. luchuensis strains RIB2601 wt and strain U1 were also grown on rice as rice koji as previously described (Shiraishi et al., 2016) . Briefly, the polished rice was steamed and 10 8 of conidia were inoculated per 100 g of pre-steamed rice. The temperature was increased under standard conditions, from 35 to 40∞C over a 30 h period, and was then lowered to 35∞C. Sampling was performed at the stages in the process of shimaishigoto and dekoji at 30 and 40 h, respectively. Shimaishigoto indicates having reached 40∞C after incubating for 30 h. Dekoji indicates completed koji at 40 h.
Conditions of ion beam irradiation.
A. luchuensis RIB2601 was inoculated on TYMG agar plates and cultivated at 30∞C for 7 days while covered by Kapton film (Du Pont-Toray, Tokyo, Japan). The culture was irradiated with a 220 MeV carbon ion beam (beam current, 1-2 nA) at Takasaki Ion Accelerators for Advanced Radiation Application (TIARA, Takasaki, Gunma, Japan). After irradiation, conidia were suspended in sterile water and their concentration was measured by a CDA-1000 particle counter (Sysmex, Kobe, Japan).
Evaluation of ion beam on mutation frequency. To investigate the viability of A. luchuensis conidia after ion beam irradiation, the germination rate was measured. Conidia either exposed or left unexposed to the ion beam were plated on M medium and cultivated at 30∞C for 2 days, and then the number of colonies that appeared were counted. The viability was defined as the percentage of colonies formed from ion beam-irradiated conidia to those formed from unexposed conidia.
In addition, the frequency of appearance of sC gene mutants was measured. Conidia (10 6 ) were plated on M medium with selenate and incubated at 30∞C for 4 days. Mutants defective in the sB gene (encoding sulfate permease) could also be selected in the presence of selenate (Arst, 1968; Buxton et al., 1989) . sB mutants are known to acquire chromate resistance. Thus, individual colonies were subcultured onto M medium with chromate at 30∞C for 4 to 7 days, and mutants with selenate tolerance but no chromate tolerance were considered sC mutants. The percentage of appearance of sC mutants was calculated.
Screening of mutant strains with high amylolytic activity. To screen for mutants showing high amylolytic activity, the conidia were treated by an ion beam at a dose of 200 Gy and spread onto TYS medium and incubated at 30∞C for 2 days. Because the medium contains 2% [wt/ vol] insoluble starch, relative starch degradability can be compared by the size of the halo formed due to starch degradation. Both the sizes of the halo and the colony were measured and the ratio of halo size to colony size (colony diameter) was used to evaluate starch degradability. Colonies showing larger haloes were subcultured four times to confirm the stability of the phenotype.
Amylolytic activities of cells grown on agar plates.
A. luchuensis wt and strain U1 conidia (10 5 ) were spread on TYSS medium and cultivated at 30∞C for 2 days. A 7 ml aliquot of protein extraction buffer (10 mM sodium acetate, 0.5% [wt/vol] NaCl, pH 5.5) was poured onto the medium, and the plates were kept at 4∞C for 16 h and then used as a crude enzyme solution for further study.
To measure the mycelial weight on the agar plates used for cultivation, the agar was melted by heating and the mycelium was gathered by filtration through gauze. After washing the mycelium with hot water at approximately 60∞C, the mycelium was freeze-dried. The weight of the mycelium was measured and used for calculating the amylolytic activity per mycelial mass.
The a-amylase, a-glucosidase, and glucoamylase activities were measured using the a-amylase assay kit (Kikkoman Biochemifa, Tokyo, Japan) and saccharification power fractional quantification kit (Kikkoman Biochemifa) according to the manufacturer's protocols. In the assay kit, one unit of a-amylase activity is defined as the titer that can release 1 mmol of 2-chloro-4-nitrophenol from 2-chloro-4-nitrophenyl 6
5 -azido-6 5 deoxy-b-maltopentaoside per minute at 37∞C. One unit of glucoamylase activity and one unit of a-glucosidase activity were respectively defined as the titer that can release 1 mmol of 4-nitrophenol from 4-nitrophenyl bmaltoside and 1 mmol of 4-nitrophenyl a-glucoside in the presence of b-glucosidase per minute at 37∞C.
Native PAGE for the detection of amylolytic activity and protein identification. 0.5 ml of crude extract were concentrated 10-fold by a Vivacon 500 ultrafiltration unit (Sartorius, Goettingen, Germany) with an MWCO membrane (>50 kDa) and mixed with a sample buffer (0.05% [wt/vol] BPB, 70% [vol/vol] glycerol, 62.5 mM Tris-HCl at pH 6.8). The samples were analyzed by native PAGE in a 10% acrylamide gel under standard conditions. After electrophoresis, the gel was stained for amylolytic activity by reacting it with 3% soluble starch dissolved in 100 mM sodium acetate buffer at pH 5.5 at 30∞C for 1 h. The gel was then washed with deionized water and stained with a 10-fold diluted iodine tincture (Taisei Yakuhin Kogyo, Fukuoka Japan). After observing the staining, the gel was washed with deionized water and stained with CBB Stain One (Nacalai Tesque). To identify the protein band, MALDI-TOF MS analysis was performed using an Ultraflex mass spectrometer (Bruker Daltonics) as described previously (Oda et al., 2006) .
Amylolytic activities of rice koji.
For evaluating the applicability of strain U1 for making koji, rice koji was made using A. luchuensis wt and strain U1 as described above and the amylolytic activities were compared. The sampling of rice koji was performed at the steps called dekoji and shimaishigoto. To extract the enzymes, 10 g rice koji was mixed with 50 ml protein extraction buffer (10 mM sodium acetate, 0.5% [wt/vol] NaCl, pH 5.5) and incubated for 3 h at 25∞C. The solution was filtered through paper (No. 5, Advantec, Tokyo, Japan). The enzymatic activities of a-glucosidase, glucoamylase, and a-amylase were measured using the saccharification power fractional quantification kit (Kikkoman Biochemifa) and a-amylase assay kit (Kikkoman Biochemifa) according to the manufacturer's protocols.
GlcNAc measurement and estimation of growth of A. luchuensis in rice koji. GlcNAc content can be used for estimating the growth of koji fungus in koji (Fujii et al., 1992) . To estimate the mycelial content in koji, GlcNAc levels in freeze-dried mycelia and in koji were measured according to a previously described method (Fujii et al., 1992; Reissig et al., 1955) . The mycelia retrieved from TYSS agar medium, by melting the agar as described above, were used for measuring GlcNAc. The measured GlcNAc content in freeze-dried mycelia was used to predict the mycelial weight in the rice koji.
Preparation of RNA. Rice koji was collected at the step of shimaishigoto after 30 h of cultivation and immediately frozen using liquid nitrogen. RNA was extracted from the frozen rice koji samples by a previously described method (Futagami et al., 2015) . Briefly, the cells were disrupted using a hammer in liquid nitrogen to keep the samples frozen. RNA was extracted using RNAiso reagent (Takara Bio, Shiga, Japan). For purification of the RNA samples, the SV total RNA isolation system (Promega, Madison, WI) was used according to the manufacturer's protocol.
RNA-seq analysis. Transcriptome analysis was performed by a HiSeq 2000 system (Illumina). Library preparation and sequencing were performed by Eurofins Genomics K.K. (Tokyo, Japan). The sequence reads were filtered using the Illumina Chastity filter. All RNA-seq experiments were performed three times with RNA samples obtained from independently prepared rice koji at the shimaishigoto step. Because genome information of A. luchuensis RIB2601 is not available, the sequence reads were mapped to the coding sequences identified in the genome of A. luchuensis mut. kawachii IFO 4308, which is a white mutant of kuro-koji fungus (Futagami et al., 2015) . Triplicate data were analyzed and the expression ratio was calculated as the log (base 2) ratio. The q-values were calculated using the iDEGES/edgeR-edgeR pipeline in the R package TCC (Sun et al., 2013) . If the q value was less than 0.05 and the log 2 -fold change was less than -1 or greater than 1, it was considered a significant change (Data Set S1 in supplemental file 1). In addition, the genes were analyzed for gene ontology (GO) (Data Set S2 in supplemental file 2). GO enrichment analysis was performed using a PERL script as described previously (Ashburner et al., 2000; Futagami et al., 2015; Harris et al., 2004) . The RNA-seq data were deposited in the Gene Expression Omnibus (GEO) under accession number GSE92237.
Real-time RT-PCR analysis. cDNA was synthesized using a PrimeScript RT reagent Kit (perfect real time) (Takara Bio) according to the manufacturer's protocol using 500 ng total RNA as the template. Real-time reverse transcription-PCR (RT-PCR) was performed using a Dice real-time system MRQ thermal cycler (Takara Bio) with SYBR premix Ex Taq II (Tli RNase H Plus) (Takara Bio). The real-time RT-PCR primers were designed using genetic information on A. luchuensis mut. kawachii IFO 4308 (Futagami et al., 2015) . The following primers were used: ALamyA-RT-F and ALamyA-RT-R for acid-labile amyA, ASamyA-RT-F and ASamyA-RT-R for acid-stable amyA, glaA-RT-F and glaA-RT-R for glaA, AK10307-RT-F and AK10307-RT-R for AKAW_10307, AK660-RT-F and AK660-RT-R for AKAW_00660, and actin-RT-F and actin-RT-R for the actin gene (Table S1 in supplemental file 3). Genomic DNA of A. luchuensis mut. kawachii IFO 4308 (4.5 ¥ 10 4 , 9 ¥ 10 4 , 1.8 ¥ 10 5 , and 4.5 ¥ 10 5 copies) was used as the standard DNA. The actin gene was used to standardize the mRNA levels of the target genes. Table 1 . Effect of an ion beam on germination rate and frequency of the emergence of sC mutants. 
Results and Discussion

Evaluation of ion beam mutagenesis.
For evaluating the conditions of ion beam mutagenesis, we investigated the effect of ion beams on the viability of A. luchuensis and the frequency of emergence of sC mutants (Table 1) . We confirmed that the ion beam reduced the germination rate of A. luchuensis conidia dose-dependently. The sC mutants were screened based on the selenateresistant and chromate-sensitive phenotype. The frequency of sC mutants also increased in a dose-dependent manner. These results indicated that the ion beam caused efficient sC gene mutation.
Comparison of starch degradation enzyme activities on agar medium
Approximately 10,000 colonies were screened based on their starch degradation halo, which resulted in obtaining four A. luchuensis strains, which showed a high amylolytic activity. However, three of these strains lost the high amylolytic activity during four times of subculture and, finally, only strain U1 showed a stable phenotype (Fig.  1A) . To evaluate the starch degradation activity of strain U1, we measured the a-amylase, glucoamylase, and aglucosidase activities of wt and strain U1 grown on agar medium containing starch as the carbon source. All these activities of strain U1 were significantly higher than those of wt (Fig. 1B) .
To investigate the reason for the higher amylolytic activity of strain U1, produced proteins were extracted from the agar medium and analyzed by native PAGE. Subsequent amylolytic activity staining showed two bands (I and II in Fig. 2A ) responsible for starch degradation. The staining of the bands of strain U1 was more intense than that of wt strain, consistent with the higher amylolytic activities of strain U1. CBB staining followed by MALDI-TOF MS analysis confirmed that these bands are from glucoamylase (GlaA) and a-amylase (AmyA) (band Nos. 4 and 5 for GlaA and 6 and 7 for AmyA in Fig. 2B ; Table   2 ). Kuro-koji fungi have two types of a-amylase, an acidlabile type and an acid-stable type (Suganuma et al., 2007) , and the detected AmyA was the acid-labile type. CBB staining also indicated a more intense staining of these two bands than in the wt strain, indicating that the higher amylolytic activity of strain U1 can be attributed to a higher level of secretion of GlaA and AmyA.
CBB staining and MALDI-TOF MS analysis also suggested that the b-lactamase domain containing protein (AKAW_10307) (band 1 in Fig. 2B , Table 2 ) is secreted at a higher level in strain U1, whereas dipeptidyl peptidase (AKAW_00660) (bands 2 and 3 in Fig. 2B , Table 2 ) is secreted at a lower level in strain U1.
GlcNAc content and growth prediction of A. luchuensis wt and strain U1
To evaluate the growth of A. luchuensis strains in rice koji, the GlcNAc content of freeze-dried cells (Fig. 3A) and rice koji was measured. The freeze-dried cells were prepared from mycelium cultivated on agar medium. The GlcNAc content per freeze-dried cell was approximately 1.3 times higher in strain U1 than in the wt, indicating that ion beam irradiation affected the GlcNAc content in strain U1.
The mycelial mass in rice koji was predicted based on the GlcNAc content (Fig. 3B) . The GlcNAc content in rice koji made using strain U1 was approximately 0.1 times lower than that in rice koji made using wt. These results indicate that the growth of strain U1 was significantly lower in the rice koji.
Amylolytic activities of A. luchuensis wt and strain U1 in rice koji
The amylolytic activities of A. luchuensis wt and strain U1 in rice koji were compared to evaluate the applicability of strain U1 for koji making. The a-amylase, glucoamylase, and a-glucosidase activities on the basis of the weight of rice koji were not significantly different between wt and strain U1 (Fig. 4A) . The only statistically significant results were small increases in the a-amylase activity in dekoji and the glucoamylase activity in shimaishigoto of strain U1. On the other hand, all these amylolytic activities per mycelial mass calculated from the GlcNAc content were significantly higher in rice koji made by strain U1 (Fig. 4B) . These results indicate that strain U1 grows significantly worse than wt in rice, but could provide comparable amylolytic activities.
Effect of temperature and cell wall inhibitors on the growth of U1
To clarify the phenotype of wt and the U1 strain, we first examined the effect of temperature on growth (Fig.  5) . Each strain was grown at temperatures ranging from 30∞C to 42∞C, typical for the koji making process. Strain U1 was strongly inhibited at the higher temperature (42∞C). We also noticed that the U1 strain showed a 1.3 times higher GlcNAc content, but a 10 times lower mycelial mass than the wt strain. Based on these results, the U1 strain seems to have a defect in GlcNAc or cell wall metabolism. Thus, we examined whether cell wall synthesis inhibitors such as Congo red and CFW affected the cell growth. Congo red and CFW are potent inhibitors of cell wall assembly by binding to glucan and chitin, respectively (Ram and Klis, 2006) . Congo red inhibited the growth of wt and the strain U1 to the same extent, while the colony formation of strain U1 was significantly inhibited by CFW at 100 mg/ml in contrast to the wt strain. These results indicated that the mutation in strain U1 is involved in tolerance to high temperature and the inhibitor of chitin assembly.
Transcriptional analysis of genes encoding secreted proteins
To investigate how ion beam irradiation affected the transcriptional changes in strain U1, we performed compara- Colony formation and starch degradation test of A. luchuensis RIB2601 wt strain and strain U1 (A). Conidia (2 ¥ 10 4 ) were inoculated on TYSS medium containing starch and incubated at 30∞C for 3 days. The degradation of starch was evaluated by halo formation. The grey region surrounding the colony indicates the halo visualized by starch iodine reaction. Amylolytic enzyme activities of wt strain and strain U1 grown on agar medium (B). Conidia (1 ¥ 10 5 ) were inoculated on an agar plate containing 25 ml TYSS medium and incubated at 30∞C for 2 days. The cultivation was performed on 4 agar plates for each strain. The activities of amylolytic enzymes and cell yields were measured for each agar plate. The mean values and the standard deviations were determined from the results on four plates. Asterisks indicate statistical significance: **p < 0.01, ***p < 0.001 (Welch's t-test). Amylolytic activity staining was performed after native PAGE of secreted enzymes (A). CBB staining was performed after destaining of the starch iodine reaction (B). Band I (in A) corresponds to bands 4 and 5 (in B) and Band II corresponds to 6 and 7. A representative result is shown from experiments performed three times using independently prepared samples. The bands in B were isolated and identified by MALDI-TOF MS (see Table 1 ). The colony formation of wt and strain U1 was compared on TYSS. Abbreviations: CR, Congo red; CFW, calcofluor white.
tive RNA-seq analysis between wt and strain U1. The analysis identified at least 604 differentially expressed genes (Data Set S1 in supplemental file 1). These genes included 281 upregulated genes and 323 downregulated genes. No genes encoding amylolytic enzymes such as amyA and glaA were included. This result was inconsistent with the level of protein secretion (Fig. 2B) . Real-time RT-PCR confirmed that the transcriptional levels of amyA and glaA, which encode acid-labile a-amylase and glucoamylase, respectively, were not significantly different between wt and strain U1 (Fig. 6) . Moreover, lower transcription of the acid-stable a-amylase encoding aamA gene in strain U1 was statistically supported. In addition, we investigated the expression of the blactamase domain containing protein (AKAW_10307) and dipeptidyl peptidase (AKAW_00660) genes, because these two gene products also seem to be secreted at different levels in wt and strain U1 (Fig. 2B) . However, no significant transcriptional change of these two genes was supported by RNA-seq or real-time RT-PCR. Thus, the different protein levels might be due to post transcriptional processes such as protein translation, protein transport, and protein degradation rather than transcription.
Transcriptome analysis of U1
To better understand how ion beams affect the phenotype of strain U1, GO analysis was performed for the 604 differentially expressed genes. GO enrichment analysis identified 8 enriched GO terms related to biological process ( Fig. 7 and Data Set S2 in supplemental file 2). Because the identified categories share the same genes, the categories containing overlapping genes were removed and then three representative terms containing all genes were selected: oxidation-reduction process (GO:0055114), transport process (GO:0006810), and glucosamine-containing compound metabolic process (GO:1901071) .
The term oxidation-reduction process (GO:0055114) included genes involved in metabolic processes and the term transport (GO:0006810) included a variety of transporter proteins such as oxidoreductases and MFS (Major Facilitator Super) family transporters and amino acid permease; however, no factors relevant to the phenotypic characteristics of strain U1 could be identified. On the other hand, the term glucosamine-containing compound metabolic process (GO:1901071) included genes involved in GlcNAc synthesis and degradation that might be involved in the increase of GlcNAc content in the cell wall Real-time RT-PCR was performed for the genes encoding proteins identified in the secreted protein fractions (see Fig. 2 ). The copy numbers were normalized to the actin gene and the data are presented as relative numbers. Asterisks indicate statistical significance: **p < 0.01 (Welch's t-test).
of strain U1 (Fig. 3A) and deficient colony growth in the presence of CFW and heat stress (Fig. 5) . Upregulated genes included putative glycoside hydrolase family 18 chitinase (AKAW_02399), N-acetylglucosamine-6-phosphate deacetylase (AKAW_07501), glucosamine-6-phosphate isomerase (AKAW_07504), and a putative gene that has a domain with predicted chitin binding activity (AKAW_10297). The downregulated gene is a class V chitinase (AKAW_02055). Changes in cell wall composition may affect amylolytic activity. a-Amylase was detected in the cell wall fraction in A. luchuensis mut. kawachii (Nagamine et al., 2003) . Also, a-Amylase was found to adsorb to cell wall chitin in A. oryzae, which should affect its secretion into the medium (Sato et al., 2011) . Moreover, GFP-fused glucoamylase is directed to the hyphal tip and partially localized in the hyphal cell wall in Aspergillus niger (Gordon et al., 2000a, b) . A. niger is a closely related, but apparently distinct, group from A. luchuensis (Hong et al., 2014; Yamada et al., 2011) .
Past mutagenesis studies aiming to breed for high amylolytic activity in A. niger resulted in the multiplication of glaA genes (MacKenzie et al., 2000) . In this study, post transcriptional processes might be involved in the high amylolytic activity of strain U1 because the strain showed an increased level of secreted amylolytic enzymes without higher transcription (Figs. 2B and 6 ). The absence of transcriptional changes in genes encoding regulators for amylolytic enzymes was confirmed by RNA-seq analysis (Data Set S1 in supplemental file 1). AmyR regulates the transcription of genes encoding glycoside hydrolases such as aamA (acid-stable a-amylase), glaA (glucoamylase), and agdA (a-glucosidase) in A. niger (Yuan et al., 2008) Recently, the transcriptional regulator for asexual development FluG was shown to be involved in the expression of glucoamylase in A. niger (Wang et al., 2015) . The transcriptional levels of an amyR homologous gene (AKAW_09854) and a fluG homologous gene (AKAW_05082) were unchanged in strain U1.
In this study, ion beam irradiation was applied to breeding a mutant of A. luchuensis RIB2601 with high amylolytic activity. Although transcriptional changes in the mutant were analyzed globally, the reason for the phenotypic change remains unclear. Further analysis will provide important information to identify the effects of the ion beam. We are currently investigating the genome of strain RIB2601 to identify the mutation in strain U1.
